An analysis is presented of how a plane boundary affects the structure of turbulence in a sheared free stream. A uniform-shear boundary layer (USBL) is formulated with slip velocity condition at the surface, and inhomogeneous rapid distortion theory is applied. The effects of 'blocking' by the surface on the turbulence structure in USBL is compared with those in the shear-free boundary layer (SFBL).
. For close agreement between the two situations at a given height y, it was found necessary that the homogeneous shear and the boundary layer should have the same dimensionless shear rate S' = S L / q (L is an appropriate length scale), and that total shear p = St should be chosen appropriately. This homogeneousshear assumption is the basis of Reynolds-stress transport modelling as explained by Lumley (1978) .
However, it is also known that the larger scales of motion (defined as greater than y at a height y) are affected by the boundary, because vertical motions are blocked at y = 0 (Bradshaw 1967; Townsend 1961) . In turbulent flows, without shear near a rigid boundary or density interfaces, previous investigations (experimental, theoretical and computational) have shown that --the blocking effect changes the variances of the different turbulence components u2, v 2 , tu2, and the length scales.
The largest effect is on the variance and the streamwise integral scale Liz,) of the normal component v2; near the boundary, 3 N y2I3 and Li:)y (Hunt & Graham 1978; Hunt 1984) .
Since there are many interesting and important turbulent flows near flat boundaries in which there are quite different shear rates, it is important to understand and quantify the effect of blocking by a surface in the presence of shear.
There have been previous unpublished studies using rapid distortion theory by Maxey (1978) and Durbin (1979) . Hunt, Moin, Moser & Spalart (1987a) analysed the correlations between two points y and yo (y 5 yo) of the normal velocity component, &Z(yo,y) using direct numerical simulations. It was found that the two-point correlation is, as hypothesised, a function of y/yo, but the form differs from the linear profile in shear-free boundary layers (Hunt 1984) , and is less than y/yo (figure 1). L, defined as e/v2 . They compared computations in the boundary layer and channel flow with a simple model L;' = Ag/y+As ( d U / d y ) / v2 (Hunt, Stretch 8z Britter 1988). The two terms represent the effect of blocking and shear, respectively. Good agreement was found except at the outer edge of the boundary layer. The sensitivity to shear of the dissipation scale is clearly much greater than for the crosscorrelations & and gl2, which are dominated by blocking. An important aim of the present work is to explain this difference by looking closely at different length scales.
-I I Hunt, Spalart & Mansour (1987b) 
Uniform-shear boundary layer
It is possible to use Rapid Distortion Theory (RDT) to study how homogeneous turbulence in a uniform shear is deformed when a plate is suddenly introduced into the flow at time t = 0. The analysis is inviscid so the only effect of the plate is to block velocity fluctuations normal to itself. In addition, the mean velocity profile is not changed. Because the mean vorticity remains uniform, this leads to a great stress gradients, which would over a long period affect the mean velocity profile; this is the effect we ignore here. I simplification in the analysis. In reality, the presence of the wall leads to Reynolds I FIGURE 1. Cross-correlation of v at heights yo and y, normalized by P ( y 0 ) computed from numerical simulations (turbulent boundary layer, Spalart 1987; plane channel flow, Kim, Moin & Moser 1987). Symbols, data from numerical simulation; ----, theoretical prediction and data for SFBL (Hunt 1984 ): 2 2 2 N y/yo.
[From Hunt et al. (1987a).]
The detailed aspect of the analysis that needs considering is the difference between the blocking effect of the boundary on the sheared turbulence compared with unsheared turbulence. In a shear-free boundary layer (SFBL), there is isotropic turbulence in the free stream, which leads to both horizontal components 2 and w2 increasing equally near the wall as a result of the irrotational fluctuation being axisymmetric about the y-axis. However, in a uniform-shear boundary layer (USBL), the turbulence in the free stream above the surface is quite anisotropic.
This leads to a different redistribution of energy between u and w at the surface (Wong 1987) and a change in the interaction with the mean shear. This question has not been analysed in detail before.
The particular computations that are presented here are: (i) the variation with y of the one-dimensional spectra Oij(lc1;y) and Oij(lc3;y) at different total shear / 3 = St; (ii) the Reynolds stresses as a function of y; and (iii) the variation with y of the integral length scales in the homogeneous directions ( t ,~) of the different velocity components ~5: ; ' ' ).
The smallest of these integral scales is usually a good indicator of the dissipation scale L,, though this point has not been investigated systematically! 2. Analysis
Formulation of the problem
We summarize here the assumptions, equations and boundary conditions governing the linearised (RDT) analysis of a turbulent velocity field u(x,t) in a uniform shear flow U = (UO + Sy, 0,O) (see figure 2) .
The condition for ignoring the nonlinear inertial terms over the period of the distortion is that the shear is strong enough for the straining terms to dominate over nonlinear inertial terms, that is Over a period of time, the small nonlinear terms affect the redistribution of turbulence energy and momentum between different components. If S ' -1, this relaxation time t , is of order Llq, so the criterion for importance of nonlinear terms is that t > t r Lfq (2.2) (Gartshore, Durbin & Hunt 1983; Bertoglio 1986) .
But if S' is large, the rate at which the anisotropy is growing by linear processes is so much greater than by nonlinear processes that, as Lee et al. (1987) have shown, the nonlinear redistributive processes are negligible (especially for 3 and m) even when t 2 t,.
For the linearised analysis of the USBL, it is also necessary to assume that the gradient of the Reynolds stress has a weak effect on the mean velocity profile over the time Tn of distortion:
The inviscid analysis used here can only correspond to physical experiments involving a real viscous fluid, if the viscous stresses are negligible within the flow for energy-containing eddies and if the no-slip boundary condition can be neglected (see figure 2). Hunt & Graham's (1978) detailed analysis of both these effects led to the following conditions for neglecting them: fluctuating velocity must still be zero. This thin surface layer affected by this no-slip fluctuating condition is of order a (figure 2bii).
Given the assumptions (2.1) to (2.5), the equations for the linearised problem are
where B / D t = a/at + Ua/ax, U = (Uo + Sy,O,O) and p is the kinematic pressure fluctuation. The initial and boundary conditions are given by
where u(") is a prescribed random velocity field, and v(x,y = O , z , t ) = 0 for t > 0.
(2.8b)
The analytical solution is obtained as a s u m of the homogeneous flow field,
{~( " ) , p (~) } ( x , t ) ,
subject to uniform shear, and the blocking flow field induced by
(2.9b)
Then, u (~) ( x ,~) satisfies (2.6) subject to ( 2 . 8~) at t = 0; it does not satisfy (2.8b).
But dB)(x,t) satisfies (2.6) subject to P ) ( x , t ) = 0 at t = 0.
(2.104
From (2.8) and (2.9), it can be shown that P)(x, y = 0, z , t ) = -dH)(z, y = 0, z , t ) for t > 0,
(2.10b)
and U(B)(X,t) --t 0 as y + 00.
By taking the curl of (2.6), it follows that RDT developed by Hunt (1973) , and used for SFBL by Hunt & Graham (1978) and for a uniform-shear layer by Gartshore, Durbin & Hunt (1983) . SFBL, image vortex below y = 0 induces irrotational velocity dB) above y = 0; (b) USBL, reducedvortex bending near the surface reduces 2 while the splat effect increases u*.
Physical interpretation
The difference in their mechanics between a shear-free boundary layer (SFBL) and a uniform-shear boundary layer (USBL) can be understood from the linearised vorticity equation obtained by taking the curl of (2.6):
In a SFBL where V U = 0 and n = 0, this equation reduces to
The effect of the boundary is simply to introduce an irrotational velocity field, so the vorticity is not affected by the boundary, i.e. U(B)(X, t) = V(6(X, t), w(x,t) = W y X , t). 
Results and discussion
We assume here that the initially homogeneous turbulence is isotropic and has I the von K h h spectrum of the dimensionless form where p = i, A = E c i and CK = 0.558. Note that this spectrum behaves as tc4 in low-wavenumber region ( K << 1) and has the n-'13 Kolmorogov form at high wavenumbers ( K >> 1). All the quantities are made dimensionless by the initial r.m.s. velocity uo and integral length scale Lo. Note that in USBL the turbulence quantities change with total shear p = S t . In order to highlight the effects of shear on turbulence structure near a boundary, comparison is made with the results for SFBL (p = 0) (for details, see Hunt & Graham 1978; Hunt 1984) . In figure 4 , the one-dimensional energy spectra Oij(K1;y) are plotted for SFBL.
Energy spectra
When the turbulence is unsheared, the near-wall behavior of the spectra is such that there is no variation in Oll(nl t O;y), but the increase in O 3 3 ( 6 1 --t 0;y) exactly balances the reduction in Ozz(n1 3 O;y), viz. In order to examine the effect of shear on the energy spectra, the results for USBL (when p = 2) are shown in figure 5. The most salient feature is that, as K I + 0, there is a dramatic increase with shear in the spectrum Oll(n1; y) of the streamwise velocity at distances away from the surface (cf . figures 4a and 5a) . However, near the surface the spectrum is not affected by shear (3.6a) (3.6b)
At high wavenumbers, however, the spectrum O 2 2 (~1 ; y) of the component normal to the boundary is significantly reduced by shear for all y (cf. figures 4b and 5b) , which implies that the vertical motion of small-scale eddies is sensitive to shear. Interestingly enough, Oll(rc1; y -+ 0) is reduced much more in the high-wavenumber region (SI > 1) than it is enhanced at low wavenumbers (~1 < 1); in fact, 2 on the surface in the USBL is lower than the SFBL value: G(y = 0) < 2.
It is of fundamental importance to observe the peaks in the spanwise spectrum Oll(K3;y) of the streamwise velocity (figure sa), which implies the existence of eddies at the corresponding spanwise scales. The peaks in O 1 1 (~3 ; y ) at distances away from the wall and the high streamwise velocity variance (see figure 9 ) are direct evidence of the presence of streaky structures in the flow (see Kline et al. 1967) . Notice that the peaks are much more discernible in the spectra at heights away from the wall, consistent with the earlier observation of the low-and high-speed streaks in homogeneous shear flow where there is no boundary (Lee et al. 1987) . The fact that the streaks exist in sheared turbulence, independent of the presence of the boundary, but not in the SFBL strongly supports the assertion put forward by Lee et al. that the main mechanism of generating the streaks is the mean shear but not the wall blocking. This is supported also by the experiment of Uzkan & Reynolds (1967) .
As shear increases, the peak in the spectrum (or streaks) is discernible at heights closer to the wall (e.g. for p = 4, see figure 6b ). This means that, as shear is prolonged, the lateral extent of the streaks are mainly controlled by the effect of shearrather than by the blocking effect. Note that other aspects of the turbulence (e.g. v2 and -E) remain affected by the blocking whatever the total shear. It is of interest to examine how the mean spacing A, between the streaks varies with the distance from the surface. The mean streak spacing is determined from the wavenumber IC:' at which O l l (~3 ;~) peaks, i.e. A, = 1/~:'. It is clear from figure 7 that A, increases with y, in qualitative agreement with measurements and computations in turbulent boundary layers (Kline et al. 1967; Kim et al. 1987) . The spanwise spectrum 0 3 3 (~3 ; y) of the spanwise velocity fluctuation as ~3 + 0 is unchanged for ally: Thus, (3.7) and (3.6b) indicate that in this flow the large-scale spanwise fluctuation is not affected by shear (cf. figs. 4c and 5c) . Also note that 
Reynolds stresses
In figure 8 , the Reynolds stresses uiuj are shown as functions of y for SFBL.
--
In SFBL, if the homogeneous field is isotropic, the horizontal variances are equal, u2 = w 2 , for all y. Near the surface, the splat effect results in transfer of energy from the vertical component to the horizontal components:   (3.9a, b ) The horizontal variances are decreased from the wall value to the homogeneous value of unity within about y = 0.5 from the wall. The vertical variance 3 shows Variation of the kinetic energy in SFBL is not monotonic. Except at the surface where q 2 / q i = 1, the kinetic energy is less than its homogeneous value; the ratio q 2 / q i attains its minimum value of about 0.85 at y N 0.2. Figure 9 shows the profile of the Reynolds stresses in USBL (p = 2). An important aspect of USBL is the increase of the turbulent kinetic energy by the transfer from the mean flow to turbulence (i.e. turbulence production). Therefore, the kinetic energy is much larger in USBL than in SFBL (except in the vicinity of the surface), e.g. 50% increase in the homogeneous value when p = 2 (cf. figues 8 and 9). The dip near the surface (at y N 0.2 when p = 2) is a direct consequence of the reduction of the horizontal variances there, as explained below. Note that in USBL the turbulent kinetic energy at the surface is not equal to the homogeneous value, unlike in SFBL.
In USBL the horizontal variances 2 and 2 are markedly enhanced by shear except very close to the wall. The reduction of these variances can be explained by the effect of the reduced bending of vortex filaments (see figure 3b) ; the spanwise variance 3 is less reduced than the streamwise variance 2.
Comparison of the vertical variance VZ in figures 8 and 9 shows that there is a substantial reduction with shear at all heights. [The apparently coincidental profiles of and -W in the figure 9 is incidental at this particular time ( p = 2).] It is interesting to consider how VZ in the vicinity of the boundary changes with shear. Another important difference in USBL is the development of the turbulent shear stress -? i i i with shear. Note that the shear stress is also subject to reduction by the wall blocking. The profile of the shear stress exhibits a monotonic increase from zero at the wall towards the homogeneous value that increases with shear. Thus, the same scaling used for 3 is used for the shear stress: as y -t 0,
(3.11) Figure 11 shows ii?j/Z1Z)") as a function of y at different times. This function does not change with total shear. It is within 20% of the value of V ' / O -3 w at / 3 = 0.
Integral length scales
Integral length scales in the 2,-direction of the correlations between the velocity components ui and uj at y are defined as ----, p = 1; ---, p = 2; -*-, p = 4; ----, p = 8 .
Profiles of the streamwise integral scales LE), Lk) and L% in SFBL are shown in , p = 4; ----, p = 8 . p = 1; ---, p = 2; ........ , L g ) , is increased. Near the boundary, however, LF? (and Lei) increases with shear from the unsheared value i. This means that since Le? may be interpreted as the characteristic scale for the spanwise extent of the streamwise eddies (streaks), at given total shear the spanwise extent of the streaky eddies widens as the boundary is approached, which is consistent with the reduced bending of vortex near the boundary (see figure 3b ).
We note that L k ) is the smallest of all the integral scales in the vicinity of the boundary, and thus it may be a good estimate for the dissipation scale L,. Figure  15 shows the profile of L k ) at different values of total shear. The spanwise scale of the vertical fluctuation varies in a self-similar way near the boundary: L(=? -A, y, where A, = A , @ ) decreases with shear.
Concluding Remarks
We have studied the effects of shear on turbulence structure near a plane boundary. It has been shown that the blocking of the vertical component of turbulence by the boundary is only slightly affected by the presence of shear (which is consistent with figure 1). However, the shear significantly -changes the way in which the boundary affects the horizontal components u2, w2 and the Reynolds stress -=.
In the SFBL the blocking (or splat) effect leads to the horizontal components being amplified. In a USBL the reduction in 3 near the boundary reduces the production of -E and 2 by more than the splat effect increases 2. The physical explanation is given in $2.
We plan to look into other aspects of the surface blocking in sheared turbulence. In order to determine the relative effects of the wall blocking and shear on the vertical length scale, it would be of interest to examine the profiles of the two-point correlations of the vertical component of velocity at different distances from the surface and of the streamwise and vertical components.
A remarkable recent result has been the demonstration that applying the linear (RDT) distortion to an actual realisation of initially homogeneous isotropic velocity fields leads to velocity fields that contain many major large-scale coherent structures (Lee et al. 1987 ). These structures appear very similar in their scale, shape and distribution to structures that have been found in the direct simulations of homogeneous (uniform) shear flows and in the simulations and experiments of turbulent sheared boundary layers. This similarity implies that RDT is a useful way of computing the structures in shear flows. We intend to study the kinematical properties of the structures in uniform shear over a rigid surface to see how the structures are affected by the blocking effects.
